A Tale of Two Phenotypes
What steps intervene between the perception of a signal and the cell's response to it? One way to identify the components of a signal transduction pathway isto define mutations that block the response to the signal or that cause the response to occur in the absence of the signal. Although this approach is being taken with a number of different plant signals, it has been particularly fruitful for light-induced responses, with many studies focusing on Arabidopsis. The morphological response to light is verydramatic, which makes mutant isolation relatively straightforward. Light-grown seedlings undergo photomorphogenesis, developing open, expanded cotyledons and short hypocotyls; darkgrown seedlings follow an alternative pathway, skotomorphogenesis, developing elongated hypocotyls and failing to expand their cotyledons.
Mutations that alter the response of Arabidopsis seedlings to light fall into two classes: those that prevent light-grown seedlings from undergoing photomorphogenesis, resulting in a/onghypocoty/(hy) phenotype, and those that cause darkgrown seedlings to undergo photomorphogenesis, resulting in a deetiolated (det) or constitutive photomorphogenesis (cop) phenotype. Many genes of the first class are necessary for photoreceptor activity, but the functions of the genes of the second class, which act genetically as repressors of photomorphogenesis, remain to be determined. It has recently become clear that some of the latter genes belong to a small group of genes required for seedling viability. Studies of the repressors of photomorphogenesis may, therefore, contribute not only to an understanding of light signal transduction but also to an understanding of signaling processes that regulate late embryo and seedling development.
A number of genes have been identified that contribute to the repression of photomorphogenesis in the dark. DET7, COP7, and COP9 repress most or all aspects of photomorphogenesis in the dark and thus play central roles in the switch between photomorphogenesis and skotomorphogenesis (Chory et al., 1989; Deng et al., 1991; Wei and Deng, 1992) , whereas DET2, DE73 COP2, COP3, and COP4 appear to control subsets of light responses and probably act downstream of the more pleiotropic repressors (Chory et al., 1991 ; Cabrera e Poch et al., 1993; Hou et al., 1993) . On pages 629-643 of this issue, Wei and coworkers describe single alleles at each of three COP loci, COP8, COP70, and COP77, which they obtained from T-DNA-transformed Arabidopsis lines (Feldmann, 1991) . Like mutant alleles of DE T7, COP7, and COP9, the alleles of COP8, COP70, and COP77 are pleiotropic, promoting not only hypocotyl arrest and cotyledon expansion in dark-grown seedlings but also the transcription of light-regulated nuclear and plastid genes.
COPB, COP70, and COP77 are, like DET7, COP7, and COP9, also required for seedling viability. Strong alleles of these pleiotropic regulators of photomorphogenesis cause embryos and seedlings to accumulate high levels of anthocyanin pigment and seedlings to die during early vegetative growth, a dual phenotype characteristic of mutations in a set of genes known as the FUSCA genes (Müller, 1963; Miséraet al., 1994) . ( l h e accumulated anthocyanins are not responsible for the lethality because mutations that disrupt anthocyanin biosynthesis do not increase the viability of fusca mutants [Castle and Meinke, 1994; Misbra et al., 19941) . A handful of fusca mutants recently described by Castle and Meinke (1994) includes alleles of all of the pleiotropic DET and COP genes; in fact, the very cop8, cop70, and cop77 mutations described by Wei and coworkers were identified as mutations in FUSB, FUS9, and FUSG, respectively, by Castle and Meinke (1994) .
How can it be that some, if not all, pleiotropic photomorphogenesis repressors also repress anthocyanin accumulation and are required for seedling viability? One possibility is that defects in processes such as light signal transduction have nonspecific effects on seedling physiology, causing both the accumulation of anthocyanins as a stress response and the eventual death of the seedlings. Were this the case, one might expect there to exist large numbers of FUSCA genes; however, each of the 12 FUSCA loci is represented by a large number of alleles, which suggests that most genes that can mutate to a fusca phenotype have been identified (Miséra et al., 1994) .
An alternative possibility is that the FUSCA proteins play specific roles in a number of developmental processes. The finding that non-null alleles of essential genes can have highly specific effects, in this case on photomorphogenesis, is not unprecedented; in numerous animal systems, weak alleles of essential genes have been found to participate in specific processes that must therefore be particularly sensitive to a reduction in gene activity. Thus, as well as negatively regulating photomorphogenesis, the FUSCA genes could negatively regulate anthocyanin production. Light-grown seedlings accumulate anthocyanin transiently; perhaps the strong fusca alleles reduce FUSCA activity even more than light does, derepressing anthocyanin production even further. Presumably, the FUSCA genes would repress (or activate) other processes as well, processes that must be repressed (or activated) if embryos are to develop into viable seedlings. fusca mutant seedlings do show defects in cell expansion and are generally smaller than wild-type seedlings (Miséra et al., 1994) ,
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but this on its own is unlikely to lead to lethality.
If the FUSCA genes do regulate a number of distinct developmental processes, it is possible that they do so in response not only to light but also to additional signals (Castle and Meinke, 1994 (Chory, 1993) , and constitutive photomorphogenesis of dark-grown seedlings is one of a number of phenotypic effects of amp7 mutations, which result in high cytokinin levels (Chaudhury et al., 1993) . These results raise the possibility that the activity of repressors of photomorphogenesis can be reduced not only by light but also by cytokinins.
To gain a context to understand how genes involved in the repression of photomorphogenesis, and perhaps other processes as well, might function, it is helpful to place them in a genetic pathway. Double mutant analyses have shown that DET7 and DE72 act downstream of the photoreceptors; this suggests that photoreceptor activation reduces the activity of these negative regulators, allowing photomorphogenesis to ensue. By examining the phenotypes of double mutant seedlings carrying mutations in COf8 (FUSB) , COP7O(FUSQ), or COP7f (FUSG) and in genes required for photoreceptor function, Wei and coworkers have found that these repressors also act downstream of the phytochromes and the putative blue light receptor. Ang and Deng have reached the same conclusion for COP7, as they report on pages 613-628 of this issue.
Just one gene, HY5, has been identified that activates, rather than represses, photomorphogenesis and that also mediates the response to both red and blue light (Koornneef et al., 1980) . The latter property suggests that HY5 acts downStream of both phytochrome and the blue light receptor. Interestingly, the genes that mutate to cause constitutive photomorphogenesis do not all have the same epistatic relationship with HY5. Chory (1992) found that a mutation in DET7 did not suppress the by5 mutation; instead, double mutants showed an additive phenotype, prompting the placement of HY5 in a separate pathway from DET1. By contrast, Wei and coworkers' results indicate that COP8 (FUSB), COP70 (FUSS), and COP77 (FUSS) all function downstream of HY5. Similarly, Ang and Deng show that a known null allele of COP7 is epistatic to the hy5 mutation, suggesting that HY5 also acts through COP7. In fact, the products of these two genes may interact directly: double mutants between the single hy5 allele and cop7 alleles known to encode mutant proteins (McNellis et al., 1994) have revealed allele-specific interactions between the two genes that can best be explained by assuming that their products interact physically. It has yet to be demonstrated that the hy5 allele produces a protein product, but this is a reasonable assumption, because the mutant does not completely abolish photomorphogenesis.
Ang and Deng have found in addition that the combination of weak (nonlethal) alleles of det7 and C O p l results in lethality. The simplest interpretation of this "synthetic" lethality is that these genes function in the same pathway, at least that required for seedling viability. It is difficult to reconcile this finding with the observation that HY5 seems to be in a different pathway than DET7; Ang and Deng point out, however, that a stronger allele of DET7 might fully suppress thehy5 phenotype.
Genetic analyses thus indicate that, with the possible exception of DET7, all of the genes that repress photomorphogenesis act in the same general region of the genetic pathway. However, the genetics do not distinguish whether these genes act in concert, possibly as a multiprotein complex; in successive activation steps; or even in multiple parallel pathways. To get beyond genetic models to the actual mechanisms that underlie light sig na1 transduction, it is important to clone the genes and characterize their products, both wild type and mutant.
So far, two repressors of photomorphogenesis have been cloned, COPl (Deng et al., 1992) and FUSG (COP77) (Castle and Meinke, 1994) . The deduced sequence of the FUSG protein gives no clues to itsfunction, although itdoeslackasignal sequence and is predicted to be highly a-helical. The sequence of the deduced COPl protein, which contains an N-termina1 zinc binding motif, a possible coiled-coil region, and a C-terminal domain similar to the p subunit of tripartite G-proteins (Deng et al., 1992) , suggests that it has the potential to interact with other proteins, perhaps even with the transcriptional apparatus (Deng, 1994) . By sequencing a number of cop7 alleles that do not eliminate protein production, McNellis et al. (1994) have begun to define regions of the protein that are particularly important for COPl function. Among other things, their analysis showed that mutations that alter sequences within the GB region also result in lethal alleles, whereas a mutation that truncates the protein upstream of the G, region causes only a weak phenotype. Which of several possible explanations for this observation is correct is not yet known.
Mutations in at least two of the FUSCA loci, although they cause embryos to accumulate anthocyanins, differ from the majority of fusca mutations in several ways: they have no effect on photomorphogenesis in the dark, nor do they cause seedling lethality (Misbra et al., 1994) .
However, both fus3 and fusl0 mutant embryos fail to survive desiccation, although they can be rescued if they are induced to germinate before desiccation. Thus, it is not clear whether the accumulation of anthocyanins in embryos mutant for FUS3 or for FUS70 indicates underlying commonalities between these and the other FUSCA genes. What is clear at this time, from the work of Keith and coworkers described on pages 589-600 of this issue, is that FUS3 plays a role in embryo maturation.
It has long been known that abscisic acid (ABA) is an important regulator of late
embryogenesis, inducing maturation and dormancy and preparing the seed for desiccation; mutants that are insensitive to ABA are nondormant and desiccation intolerant (Koornneef et al., 1984) . However, if progress through late embryo development involves additional regulators besides ABA, it might be possible to isolate nondormant mutants that retain sensitivity to ABA. By screening immature seed for the ability to germinate before the end of embryogenesis, Keith and coworkers identified a number of reduced dormancy mutants. One such mutation resulted in red embryos whose germination was sensitive to ABA, and complementation tests revealed the mutation to be allelic to fus9
Although ABA-deficient mutants reduce dormancy without affecting ABA sensitivity, the fus3 mutant phenotype is very different from that caused by a reduction in ABA levels. In addition to interfering with the establishment of dormancy and desiccation tolerance and reducing storage protein levels, the fus3 mutation results in cotyledons that bear trichomes and Contain parenchyma cells resembling those of leaf primordia, a phenotype similar to that of the leafy coryledon mutant, which also exhibits vivipary and accumulates excess anthocyanins (Meinke, 1992) . In addition, the shoot and root apices of fus3 embryos are reminiscent of those of germinating wild-type seedlings. Thus, at a time when they should still be undergoing maturation, embryos mutant for fus3 seem to initiate developmental programs that normally operate during germination. One possibility is that FUS3 normally represes the onset of the germination program until the seed receives a cue that reduces FUS3 activity. Because the fus3 mutant responds properly to ABA, this cue must not involve ABA.
Photomorphogenesis and germination are both complex processes that most likely involve the action of multiple regulators, so perhaps it would not be surprising to find that both processes make use of genes that function in other processes, possibly in response to the same regulatos. A number of important questions now await answers: Do the FUSCA genes have specific roles in embryogenesis and seedling development, and perhaps in many other processes as well? Are the interactions among the genes that repress photomorphogenesis conserved in the other processes they regulate? Do all genes that encode pleiotropic repressors of photomorphogenesis mutate to a fusca phenotype, orare any pleiotropic repressors specific for photomorphogenesis? As more FUSCA genes are cloned and their protein products characterized, some of these questions should begin to find answers, providing important information not only about the mechanisms that underlie light signal transduction and germination but also about processes that are essentia1 for embryo development and seedling viability.
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